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@ A positioning control system is provided with 
a controlled device (1) which has resonance 
characteristics and is positioned at a desig- 
nated position ; position detecting means (2) for 
detecting a moved position of the controlled 
device (1) in accordance with a servo signal or 
the like ; arithmetic control means (3) such as a 
DSP adapted to generate a drive signal based 
on a position detection signal from the position 
detecting means (2) and the designated posi- 
tion ; and drive means (4) adapted to move the 
controlled device (1) in accordance with the 
drive signal from the arithmetic control means 
(3). The arithmetic control means (3) includes a 
low pass filter (7) which has an abrupt slope and 
a discontinuous pole in the gain-frequency 
characteristics thereof to suppress the reso- 
nance characteristics. 

Preferably, the low pass filter (7) is consti- 
tuted by a combination of a notch filter (5) and 
an elliptical function filter (6). 
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The present invention relates to a positioning control system for positioning at least one magnetic head or 
other controlled device at a designated position. 

There is recently a tendency to demand, in a computer system, a transfer of large amounts of data at high 
speed, and therefore, an auxiliary storage device such as a magnetic disk drive or optical disk drive is also 

5 required to transfer large amounts of data at high speed to exchange data with a host device. 

To meet this requirement, it is essential that a controlled device such as a magnetic head, an optical head, 
a print head, or the like should be positioned at a designated position at high speed and with high accuracy. 
Since the controlled device is driven at a high velocity and high acceleration when such a head positioning 
(head seek operation) is executed at high speed, the mechanical resonance phenomenon, which forces the 

10 controlled device to vibrafe even after the head positioning is completed, is likely to occur. Thus, there is a 
demand to provide a stable control by suppressing the mechanical resonance characteristics represented by 
the vibration of controlled device. 

In general, in a magnetic disk drive or the like, data transfer speed Is limited by a rotation speed of a motor 
which rotates a magnetic disk or the like as a recording medium. Accordingly, if It Is intended to attain a sub- 

15 stantially higher data transfer speed with the current rotation speed, first of all. it is necessary that a larger 
number of recording media such as magnetic disks, each having a higher density recording surface (e.g.. a 
track pitch thereof being less than 10 ^m), should be contained in a magnetic disk drive or the like to increase 
data recording density and data storage capacity. Next, it is necessary that a plurality of controlled devices 
such as magnetic heads should be provided, corresponding to the respective recording media, so as to write 

20 and read data in parallel to or from the magnetic disks by moving the plurality of magnetic heads simultaneously 
and at high speed with one actuator. 

In other words, a number of magnetic heads are mounted on one actuator via a plurality of head arms, 
and therefore a plurality of mechanical resonance frequencies are generated due to the respective magnetic 
heads and head arms. Furthermore, since the magnetic heads must be moved at high speed, it is necessary 

25 for the respective head arms to be as light in weight as possible. 

Therefore, various mechanical resonance modes are likely to occur, which results in the complexity of the con- 
trol of mechanical resonance characteristics. 

Hereinafter, to facilitate an understanding of the mechanical resonances of controlled devices, the con- 
struction of magnetic disk drives including magnetic heads will be described representatively with reference 

30 to the drawings. 

Figs. 1(A) and 1(B) are diagrams showing a magnetic disk drive. To be more specific. Fig. 1(A) is a sche- 
matic plan view of the magnetic disk drive, and Fig. 1(B) is a schematic side view thereof. The reference nu- 
meral 50 denotes a plurality of magnetic disks, 51 a rotatable shaft, 52 an actuator. 53 arms, 54 gimbals. 55 
core sliders including magnetic heads, and 56 a rotatable shaft. The rotatable shaft 51 having the magnetic 

35 disks 50 fixed thereon is rotated by an motor (not shown). In the illustrated example, ten magnetic disks 50 
are fixed on the rotatable shaft 51.. However, it may be also possible to fix one or two magnetic disks 50 on 
the rotatable shaft 51 according to the required storage capacity and data transfer speed. 

Further, in this example, the core slider 55 is supported on each arm 53 through two gimbals 54. The core 
sliders 55 move radially across the magnetic disks 50 by rotating the arms 53 about the rotatable shaft 36 of 

40 the actuator 52, and thereby each of the magnetic heads Is positioned at the designated position (track). 
Through the magnetic heads, data are written on the magnetic disks 50 or data stored on the magnetic disks 
50 are read therefrom. 

As the recording density (track density) of the magnetic disks 50 increases, it Is necessary to drive the 
actuator 52 at high speed, and to move and position the respective magnetic heads to the designated tracks 

45 at high speed and with high accuracy. In this case, the arms 53 including the core sliders 55 are driven at a 
high velocity and high acceleration by the actuator 52, and accordingly the mechanical resonance, which re- 
sults in the vibration of the magnetic heads, becomes a problem. Thus, it is required to suppress the mechanical 
resonance characteristic or to transfer the resonance frequency to a higher frequency band so as to eliminate 
the influence on a control frequency band of the magnetic heads. 

50 Fig. 2 is a graph showing the exemplary transfer characteristics (x/i characteristics; a response x in a head 

position relative to a current i supplied to a voice coil motor constituting the actuator) of the actuator. In Fig. 
2, the response x is typically represented by a frequency response of a gain and phase of a head positioning 
control system. To be more specific, a horizontal axis represents frequency (Hz), the left vertical axis represents 
gain (dS). and the right vertical axis represents phase (deg). The curve (a) represents the gain characteristics, 

55 while the curve (b) represents the phase characteristics. As apparent from these transfer characteristics, there 
are several mechanical resonances where the gains remarkably increase, resulting from the structure of the 
actuator, the magnetic heads, etc. The typical resonances include a main resonance and a torsional resonance 
of the whole actuator, a resonance of vertical direction and a torsional resonance of the fork-shaped arms hav- 
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15 



ing a number of heads mounted thereon, a resonance of spring arms between the heads and the actuator, 
and a resonance of the voice coil motor. 

The aforementioned resonance characteristics are not uniform in terms of the resonance frequency and 
the resonance strength of each of the storage devices, and vary depending on the storage devices. Further, 
even in a specific device, the resonance characteristics vary according to the temperature change, aging, and 
rotational position of each of the arms (head positions). In the case of controlling this type of actuator a transfer 
function of the actuator F(s) and a transfer function Freso(s) representing the mechanical resonance charac- 
teristics are expressed as follows. 

= ^ ^ Freso(s) (1) 



n a^s + 

Freso(s) = T — - ' 2 
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•Km = 5^[m/(A - S^)] 
J 



(3) 



If this actuator is modeled on the assumption that it is a rigid body, it can be assumed that Freso(s) = 1. 
Further. Km in the equation (3) is expressed assuming that a moment of inertia of the rotary type actuator is 
J (Kg-m'^). a torque constant of the voice coil motor is Kr (N - m/A). and the distance between the center of 
rotation and the head is Rh (m). 

The control system for the conventional actuator having the above resonance characteristic is shown in 
Fig. 3. In this figure, the reference numeral 61 denotes an adder (also represented by I). 62 a loop compen- 
sator, 63 a notch filter group that will be described in relation to Figs. 4 and 5. 64 a power amplifier, and 65 a 
controlled device (plant) including the actuator and the magnetic head. The position information of the con- 
trolled device 65 and the designated position information are given to the adder 61, and the controlled device 
65 is controlled through the loop compensator 62. the notch filter group 63. and the power amplifier 64. so 
that the difference between the position information and the designated position information becomes a spe- 
cified value such as zero. 

The loop compensator 62 in this control system includes a combination of a lead lag filter adjusting a phase 
angle of the system for stabilizing the loop and a secondary filter for reducing noise in a high frequency band. 
The transfer function Gc(s) thereof representing a ratio of output signal to input signal is expressed as follows, 
in equation (4). 

S -f Q)Ld 1 



Gc{s) = Geo 



(4) 



S 4. Q)LQ S2 -t- 2^cS + 0>f 

Where Geo is a direct current gain. ©Ld is a lead compensating angular frequency (an angular frequency cor- 
responds to a phase angle), ©ug is a lag compensating angular frequency. and <0c are a damping ratio and 
a cut-off angular frequency of the secondary filter, respectively. 

Generally, the loop compensator has an integrator {transfer function = [(s + q)i)/s]} connected in series so 
as to eliminate a steady position error. However, in this exemple. the integrator is not illustrated for the sake 
of simplification. In the case where the controlled device 65 has no or negligible mechanical resonance char- 
acteristics, the control can be executed stably by providing the loop compensator 62 as shown in Fig. 3. 

Further, it is also possible to use a state feedback regulator using the loop compensator 62 as an observer. 
A state equation and an output equation in this case are as expressed in the following equations (5) and (6). 
Based on these equations (5) and (6). an observer equation expressed in equation (7) is obtained. 
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u = X Estx - kz X Estv (8) 

If L1. L2 in the equation (7) are selected with reference to a related reference (G. F. Franklin, J. D. Powell 
and M. L Workman "Digital Control of Dynamic Systems", Second Edition, Addison - Wesley, 1990), Estx and 
Estv are selected so that they become estimated values of the position x and the speed v, respectively. Ac- 
cordingly, the controlled device can be controlled by selecting the gains k^, ki in accordance with a controller 
equation expressed by the equation (8) using the state feedback. 

However, in the case where the mechanical resonance characteristics are not negligible, a required num- 
ber m of notch filters are connected in series with the loop compensator 62 in order to cancel a resonance 
energy caused by the large mechanical resonance characteristics, as shown in the following equation (9). In 
other words, the notch filter group 63 constituted by the plurality of notch filters is provided. 



30 



'2 



Gn(s) = n 



j-1 s' + 2CojWajS + 



2 



(9) 



where <;„| denotes a damping ratio of the notch filters, Wnj denotes a notch center angular frequency in the center 
of each notch portion, and dn] denotes the depth of each notch portion. Here, it is assumed that d^j < 1. 
35 Further, to enable the function of the notch filter group in Fig. 3 to be understood more clearly, exemplary 
transfer characteristics of a single notch filter and notch filter group are illustrated in Fig. 4 and Fig. 5, respec- 
tively. 

As apparent from Fig. 4. frequency characteristics of the gain of the notch filter have a notch-shaped form, 
where only the gain corresponding to an extremely narrow frequency range in the closest vicinity of a notch 

40 center frequency fo is remarkably low. Through the notch filter, the input signal having the frequency fo is elim- 
inated and therefore substantially not transferred. 

By virtue of such characteristics of the notch filter, the mechanical resonance energy generated in the res- 
onance frequency fg can be eliminated. Accordingly, if a plurality of notch filters are designed in confonnity 
with the respectively corresponding resonance frequencies shown in Figs. 2 and 5 (in Fig. 5. six resonance 

45 frequencies fo - fs are illustrated representatively), and if the notch filter group is constituted by connecting 
these notch filters in cascade, many mechanical resonances can be eliminated simultaneously. 

In such a construction, the notch filters are each constructed so that the notch center angular frequency 
cDnj coincides with the respective mechanical frequencies in the mechanical resonance characteristics. How- 
ever, if the resonance frequency and the resonance strength differ depending upon the storage devices such 

so as magnetic disk drives, it is required to design the notch filter according to the resonance frequency and the 
resonance strength of each storage device. Further, even in a specific device, due to the temperature change 
and the aging, the resonance frequency is shifted from the notch center frequency, thereby resulting in the 
disadvantage that the resonance characteristics cannot be suppressed effectively. If there are more mechan- 
ical resonance points of the controlled device 65. this results in a large construction of the notch filter group 

55 63 including the notch filters corresponding to the respective resonance points (frequencies). When the notch 
filters are constituted by analog circuits, the number of parts is increased thereby making the notch filter group 
larger in size and more costly. On the other hand, when the notch filters are constituted by digital circuits, a 
disadvantage occurs in that provision of an expensive high speed operating DSP (digital signal processor) is 
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necessitated, in order to process various signals at high speed so that a filter calculation time does not become 
longer. 

Especially, in regard to the magnetic disk drive, there is a recent requirement for transferring large amounts 
of data at high speed as described before. 
5 To address this requirement, the track density of each magnetic disk is designed to be as high as possible, 

and the number of magnetic disks contained in one magnetic disk drive is intended to be as large as possible. 
Further, as the number of magnetic disks increases, the number of the corresponding magnetic heads and 
head arms is likely to increase. Therefore, a larger number of head and head arms are fixed to one actuator, 
which leads to complexity of the structure of actuator. Further, since the actuator, the arms, etc., must be 
10 moved at high speed to e'nsure the data transfer at high speed, they are required to be fabricated, utilizing a 
light metal such as aluminum. Accordingly, the mechanical resonance modes and the resonance frequencies 
are likely to increase. Due to various resonance energies caused by such resonance modes, residual vibrations 
of the magnetic heads after a seek operation is completed are likely to occur over a wider frequency range. 
Consequently, it becomes difficult for all these resonant energies to be canceled by only the notch filter 
15 group, in the magnetic disk drive. 

According to the present invention there is provided a positioning control system comprising a controlled 
device having resonance characteristics and positioned at a designated position; position detecting means for 
detecting a moved position of the controlled device; arithmetic control means for generating a drive signal 
based on a position detection signal from the position detecting means and based on the designated position; 
20 and drive means for moving the controlled device in accordance with the drive signal from the arithmetic control 
means. Further, the arithmetic control means includes a low pass filter which has an abrupt slope and a dis- 
continuous pole in the gain-frequency characteristics thereof, so that the resonance characteristics of the con- 
trolled device can be suppressed. 

Preferably, the arithmetic control means is constituted by a combination of a notch filter and an elliptical 
25 function filter so that all the resonance frequencies occurring in the resonance characteristics can be filtered 
out. 

further, preferably, the lowest resonance frequency can be suppressed by means of the notch filter, and 
the second lowest or the higher resonance frequency can be eliminated altogether by mean of the elliptical 
function filter. 

30 Further, preferably, the low pass filter is constructed so as to be turned off, for instance, during a seek 

operation of a controlled device and so as to be turned on. for instance, during a following operation of the 
controlled device. 

Further, preferably, the positioning control system according to the present invention can be applied to 
head positioning of a magnetic disk drive, optical disk drive, a printer or the like. 
33 Especially in the magnetic disk drive, the controlled device includes at least one magnetic head which is 

movable on at least one magnetic disk and an actuator for positioning the magnetic head at a designated track 
position. 

In embodiments of the present invention, the resonance characteristics, which result in the vibration of 
the controlled device, may be suppressed stably by a simple low pass filter construction typically utilizing the 
40 combination of a notch filter and an elliptical function filter. 

It will thus be seen that it is possible to design such a system to enable at least one controlled device to 
be positioned at a designated position at high speed and with high accuracy. Embodiments may also be de- 
signed to enable stable control by eliminating the Influence of the mechanical resonance of a controlled device 
with a relatively simple construction. 
45 Further, embodiments of the present invention may be designed to provide a positioning control system 

which can suppress a plurality of mechanical resonances, especially those occurring in a magnetic disk drive 
having many magnetic heads, without using a complicated filter construction such as a notch filter group. 

Still further, embodiments of the present invention may be designed to provide a positioning control system 
which can rapidly suppress the residual vibration of each magnetic head occurring due to the magnetic reso- 
50 nances, after a seek operation thereof is completed. 

Fora better understanding of the invention and to show how the same may be carried into effect, reference 
will now be made, by way of example, to the accompanying drawings, wherein: 

Figs. 1(A) and 1(B) are a plan view and a side view of a magnetic disk drive, respectively; 

Fig. 2 is a graph showing exemplary transfer characteristics of an actuator 
55 Fig. 3 is a block diagram showing a positioning control system according to the prior art: 

Fig. 4 is a simplified graph showing exemplary transfer characteristics of a notch filter: 

Fig, 5 is a graph showing the exemplary transfer characteristics of the notch filter group of Fig. 3: 

Fig. 6 is a block diagram showing an embodiment of the present invention. 
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Fig. 7 is a simplified graph showing the transfer characteristics of an elliptical function filter of Fig. 6; 
Fig. 8 is a block diagram showing a positioning control system embodying the present invention; 
Fig. 9 is a graph showing a filter transfer function of Fig. 8 in terms of gain; 
Fig. 10 is a graph showing a filter transfer function of Fig. 8 in terms of phase; 
5 Fig. 11 is a block diagram showing an example in which the present invention is applied to a head posi- 

tioning control system of a magnetic disk drive; 

Fig. 12 is a perspective view, partially cut away, showing a mechanism of a magnetic disk drive: 

Fig. 13 is a simplified block diagram for explaining the condition where a vibration suppressing filter of Fig. 

8 is turned on and off; 

10 Fig. 14 is a simplified graph for explaining a role of a vibration suppressing filter of Fig. 13; 

Fig. 15 is a flowchart for explaining an operation of a head positioning control system of Fig. 11; and 
Fig. 16 is a graph showing open loop transfer characteristics illustrating improvements provided by em- 
bodiments of the present invention over the prior art. 

In Fig. 6, the positioning control system comprises a controlled device 1 having a resonance characteristics 

15 and is positioned at a designated position; position detecting means 2 for detecting a moved position of the 
controlled device 1; arithmetic control means 3 for generating a drive signal S^r based on a position detection 
signal Spo from the position detecting means 2 and based on a designated position address (code) S^e input 
to the arithmetic control means 3 from a host device; and drive means 4 for moving the controlled device 1 in 
accordance with the drive signal S^r from the arithmetic control means 3. 

20 in this case, the arithmetic control means 3 includes a low pass filter 7 which is a combination of a notch 

filters and an elliptical function filters, and suppresses the resonance characteristics of the controlled device 
1 by means of the low pass filter 7. 

Further, the low pass filter 7 may be constructed so as to be turned on and off, and an initial value to sup- 
press the resonance characteristics by means of the low pass filter 7 is given when the low pass filter 7 is 

25 turned off, which will be described in detail hereinafter. 

The arithmetic control means 3 includes the loop compensator 8, the notch filter 5, and the elliptical func- 
tion filter 6, and suppresses the resonance characteristics by means of the low pass filter 7 including the notch 
filter 5 and the elliptic function filter 6, which are equivalent to the notch filter group of the prior art. For instance, 
the lowest resonance frequency can be elminated by causing a notch center frequency of the notch filter 5 to 

30 coincide therewith, and the second lowest or the higher resonance frequency can be elminated altogether by 
a damping characteristic of the elliptical function filter 6 higher than a cut-off frequency. In this case, it should 
be noted that the lowest resonance frequency is relatively stable and can be accurately allowed to coincide 
with the notch center frequency. Accordingly, the resonance characteristic can be suppressed by the elliptical 
function filter 6 even if a resonance frequency other than the lowest frequency varies due to the variation there- 

35 offer each device, such as a magnetic disk drive, or a temperature change. The gain-frequency characteristics 
of the elliptical function filter are shown in Fig. 7 by a solid line {!)- together with those of a usual low pass filter 
indicated by a dotted line (II). Alttiough the characteristics are such that the gain is increased immediately be- 
fore the cut-off frequency of the elliptical function filters, such a characteristic can be suppressed by the notch 
filter 5. Thus, the resonance characteristics can be suppressed in a simple filter construction. 

40 As will be described hereinafter, during a speed control period in a process to move the controlled device 

to the designated position, a filter calculation may be omitted such as in a case where the positioning is carried 
out after the controlled device reaches the designated position. The low pass filter 7 is turned off in this case, 
and is turned on when the operation proceeds to a positioning control. Since an input/output state of the low 
pass filter 7 is uncertain when the low pass filter 7 is off, a time required to stabilize a control loop may become 

45 long when the state of the low pass filter 7 is changed from off to on. In view of this, an initial value is given 
when the low pass filter 7 is off so as to stabilize the control loop at high speed when the low pass filter 7 is 
turned on. 

Fig. 3 is a block diagram showing a positioning control system according to an embodiment of the present 
invention. The reference numeral 11 denotes an adder circuit. 12 a loop compensator, 13 a secondary notch 

50 filter, 14 an elliptical function filter, 15 a power amplifier, 1S a controlled device, and 17 a low pass filter (also 
referred to a vibration suppressing filter). A difference between a designated position address (e.g., track ad- 
dress) sent from a host device and a position detection signal of the controlled device 1 is obtained in the adder 
circuit 11. The controlled device 16 is controlled through the toop compensator 12, the low pass filter 17, and 
the power amplifier, thereby being positioned at the designated position. 

55 Preferably, the low pass filter 17 in this embodiment includes a combination of the secondary notch filter 

13 and the elliptic function filter 14. A transfer function of the filter 17 is expressed in the following equation 
(10). Here, the secondary notch filter 13 and the elliptical function filter 14 have transfer functions Gn(s) and 
Ge(s) as expressed in the following equations (11) and (12), respectively. 
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Gne(s) = Gn(s)Ge(s) (10) 

Here, (ol - de (oi in order to make the value of direct current gain 1.0. The equation (12) shows a case of 
a secondary elliptical function filter. Since it is complicated to calculate factors of the elliptical function filter 
14. the factors may be obtained from a table based on a low (pass) band ripple Rp, a damping Rs in a high 

10 (blocking) band, a cut-off-frequency Fc, and a degree N of the filter. 

Figs. 9 & 10 show filter functions in terms of gain and phase respectively. A dot-dash line curve (111), a 
dotted line curve (IV). and a solid line curve (V) respectively represent the embodiment in cases where the 
secondary notch filters are connected at two stages, where the fourth degree elliptical function filter is used, 
and where the secondary notch filter and the secondary elliptical function filter are used. The case where the 

15 secondary notch filters are connected at two stages is expressed in the equation (13). The case where the 
fourth degree elliptical function filter is used is expressed in the equation (14). The case where the secondary 
notch filter and the secondary elliptical function filter are used is expressed in the equation (15). 

(S2 ^ 2CnlO>ntdnlS ^ (^J (S^ ^ 2^2C0n2dn2S ^■ (O^^) 

" (s2 ^ 2i;„ta)nts + coj,) (s2 ^. 2C^2^n^ ^ a>ip ^ ' 

20 where 

Q)„, =2kx 3000. d„i = 10- (25^0) (.25dB) 

?nl=0.3 

a>n2 = 2k X 4100, d„2 = 10-t2S/20) (.25dB) 

;n2 = 0.7 

^^^^^ " (S2 ^ 2iUlG)elS 4- COJ,) (S2 + 2q^2<0^^ + cdJ^ ' ' 

where o^c = 27c x 2400. Rp = 0.1 dB. and Rs = 20 dB. 

= (S2 ^ 2?nO„S ^ 0^) ' (S2 ^ 2^0)^3 + (Oj) ^^^^ 

where 

CDn = 2:c X 3000. d^i = -25 dB. <;„i =0.3 
a>c = 2;: X 2300. Rp = 1.0 dB, Rs = 15 dB. 
in the case where the notch center frequency of the first stage notch filter is 3 kHz. and that of the second 
Stage notch filter is 4.1 kHz in the equation (13). gain-frequency characteristics are as represented by the dot- 
dash line curve (III) in Fig. 9 and a phase-frequency characteristics are as represented by the dot-dash line 
curve (III) in Fig. 10. Further, in the case where the cut-off frequency is 2.4 KHz. the low frequency band ripple 
Rp is 0.1 dB. and the damping Rs in the high frequency band is 20 dB in the equation (14). the gain-frequency 
characteristics are as represented by the dotted line curve (IV) in Fig. 9 and the phase-frequency character- 
istics are as represented by the dotted line curve (IV) in Fig. 10. In other words, the characteristics are such 
that the gain is increased immediately before the cut-off frequency, and the phase delay becomes a large val- 
ue, compared with the other two cases. 

As opposed to this, the gain-frequency characteristics are as represented by the solid line curve (V) in 
Fig. 9 and the phase-frequency characteristics are as represented by the solid line curve (V) in Fig. 10 in the 
case where the notch center frequency of the notch filter is set at 3 KHz, the cut-off frequency of the elliptical 
function filter is set at 2.3 kHz, the low frequency band ripple is set at 1 .0 dB. and the damping Rs in the high 
frequency band is set at 15 dB in the equation (15) according to the embodiment of the present invention. In 
this case, it is important to cause the notch center frequency of the notch filter to coincide with the mechanical 
resonance frequency of the lowest degree and to cause the zero point frequency of the elliptical function filter 
to coincide with the mechanical resonance frequency of the second lowest degree. 

Various known means can be used to obtain the factors of the elliptical function filter (e.g., A. B. Williams. 
-Electronic Filter Design Handbook". McGraw-Hill. New York. 1981). Further, the secondary elliptical function 
filter may consist of an operational amplifier, and an example thereof is described in the above reference. More 
conveniently, it is possible to use a commercially available program package "MATLAB". Thus, the notch filter 
13 and the elliptical function filter 14 which correspond to and suppress the mechanical resonance character- 
istics of the controlled device 16 can be easily realized. 

Fig. 11 is a block diagram showing an example in which an embodiment of the present invention is applied 
to a head positioning control system of a magnetic disk drive. In this case, the arithmetic control means 3 in 
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Fig. 6 is constituted by a DSP (digital signal processor). In this figure, the reference numeral 21 denotes a DA 
converter (DAC), 22 an arithmetic controller, 23 a digital signal processor (DSP). 24 a memory (MEM). 25 a 
transfer register (SR). 26 a bus. 27 a servo signal decoder, 28 a cylinder counter, 29 an AD converter (ADC). 
30 an amplifier (AMP), 31 a magnetic disk drive. 32 a magnetic disk, 33 a spindle motor. 34 a magnetic head. 

5 35 a head arm. and 36 an actuator including a voice coil motor or the like. 

The illustrated magnetic disk drive 31 has a simplified construction including the magnetic disk 32 which 
is rotated at a given speed by the spindle motor 33. and the actuator 36 which is so controlled as to move the 
head arm 35 having the magnetic head 34 mounted on a leading end thereof and to position the magnetic 
head 34 at a designated track position on the magnetic disk 32. The magnetic disk drive 31 may be constructed 

10 so as to have a number or nagnetic disks and heads as shown in Figs. 1(A) and 1(B). A construction including 
the amplifier 30 and a part of the actuator 36 corresponds to the drive means 4 in Fig. 6. and a construction 
including the head 34. the head arm 35, and a part of the actuator 36 corresponds to the controlled device 1 
in Fig. 6. 

The servo signal decoder 27 decodes a servo signal read from the magnetic disk 32 through the head 
15 34. The cylinder counter 28 counts the counter number (track number) by counting the zero-crossing points 
of the decoded servo signal, and indicates the current position of the head 34 from the reference point by the 
cylinder number (track number). The moving distance of the head 34 (seek distance) corresponds to the num- 
ber of tracks between the current track position and the designated track position. The AD converter 29 con- 
verts the decoded two-phase servo signal into a digital signal. A combination of the AD converter 29 and the 
20 cylinder counter 28 detects the current position of the head 34 from the reference point, and corresponds to 
the position detecting means 2 in Fig. 6. The DA converter 21 converts a drive control signal sent through the 
bus 26 from the digital signal processor 23 into an analog signal, which is amplified by the amplifier 30 to drive 
the actuator 16. 

Here, in order to facilitate understanding of the construction of magnetic disk drive 31 in Fig. 11. a partially 
25 sectional plan view showing a perspective view, partially cut away, showing a mechanism of one magnetic disk 
drive in illustrated in Fig. 12. Hereinafter, the same components as mentioned before will be referred to using 
the same reference numerals. As seen from Fig. 12, a plurality of magnetic disks (e.g.. eleven magnetic disks) 
32 are rotated simultaneously. The tracks on a receding surface of each disk 32 are written with a predeter- 
mined data pattern. However, the tracks at both ends of the inner zone and the outer zone of the disk 32 are 
30 formed as guard bands 150 in which a particular pattern is written, instead of a data pattern, the particular 
pattern being used for stopping a seek operation of a plurality of magnetic heads. These magnetic heads 34 
and head arms 35 are provided on the upper and lower surfaces of the respective disks 32. Further, at the 
inner and the outer sides of the guard band 150. an erase zone 155 is formed for mechanically stopping the 
heads 34. 

35 Returning to Fig. 11. the arithmetic controller 22 corresponds to the arithmetic control means 3 in Fig. 6. 

and includes the digital signal processor 23. the memory 24, and the transfer register 25. !n accordance with 
an address signal or the like from a host device, the digital signal processor 23 calculates the moving distance 
of the head 34 between the current position and the designated position, calculates the target trajectory cor- 
responding to the calculated moving distance, and controls the actuator 36 so that the head 34 follows the 

40 calculated target trajectory. In this case, the digital signal processor 23 executes an operational processing 
which realizes the functions of the loop compensators 8, 12, the notch filters 5. 13, and the elliptical function 
filters 6. 14 as described above. 

Here, it should be noted that the digital calculation of such a low pass filter requires a relatively long time. 
However, without the low pass filter, the residual vibration of the magnetic head after a seek operation of each 

45 magnetic head is completed continues for a relatively long time. Therefore, a long time is also required to per- 
form write/read operation stably, if the low pass filter is not used. 

To address this disadvantage, it is deemed to be preferable that the low pass filter (vibration suppressing 
filter) 17 including the elliptical function filter is turned off and turned on by means of switching means 20, as 
shown Fig. 13. To be more specific, during the seek operation of each magnetic head in Fig. 14, the low pass 

50 filter is turned off since the magnetic head moves at a higher acceleration and the resonance characteristics 
become negligible. On the other hand, during the settling operation and the following operation thereafter, the 
magnetic head must be positioned at a designated track position with high accuracy and therefore the magnetic 
head moves at a lower acceleration and the resonance characteristics become significant. However, if the el- 
liptical function filter remains in an off state, the residual vibration in the settling operation is likely to continue. 

55 as shown in Fig. 14. On the contrary, if the low pass filter 17 is turned on during the settling and following 
operation, the residual vibration can be suppressed assuredly. 

Fig. 15 is a flowchart for explaining an operation of a head positioning control system of Fig. 11. The op- 
erational processing in the arithmetic controller 22 which realizes the function of the low pass filter including 
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the notch filter and the elliptical function filter is shown in Steps (a) to (i). More specifically, servo variables 
are initialized in Step (a), and it is discriminated whether or not a sampling time is on in Step (b). If the sampling 
time is on, a position detection signal Xa is read by the AD converter (ADC) 29 in Step (c). Subsequently, a 
drive control signal Un is set as Un = F (x^. x^ , Xni. u„. i, u^^z u„.j) in Step (d). It is selected whether or 

5 not the vibration suppressing filter (low pass filter) including the notch filter and the elliptical function filter 
should be turned on in Step (e). This is because the vibration suppressing filter is preferably turned off so as 
to drive the actuator 36 by causing the current to vary at a large amplitude during a seek operation, in the 
case where the operations are roughly divided into the seek operation and a following operation as in the mag- 
netic disk drive. During the seek operation, the vibration suppressing filter (low pass filter) is turned off. On 

10 the other hand, ttie vibration suppressing filter (low pass filter) is turned on when the positioning is carried 
out at high speed and with high accuracy during the following operation. 

The following equation (16) representing the characteristics of vibration suppressing filter (low pass filter) 
Tn at the first stage corresponds to the discrete representation of the function relating to the equation (11) of 
the notch filter. 

15 T„ = AftoUn + AnlUn- ^ + ^M^n • 2 + BnlTn - 1 + B„2T„ . 2 (16) 

S^ ^ 2^0), dnS -h (Ol 
S^ + 2C^(i>nS + (Ol 

A,, = ^(^^- ^) (17b) 

t2 4- 2^„t +1 ^ ' 

2^ where, t = tan(^) 

Here, a sampling period is assumed asTs. Usually, after an S-Z transformation in a bilinear form, the notch 
angular frequency ©„ is likely to be shifted. To compensate for this firequency shift, the notch angular frequency 
< is adjusted previously (prewarped) into cd'^. where ©n' = (2/Ts) tan (o)„ Ts/2), and the equation (17) in which 

35 the notch angular frequency is replaced with Q)n' is bilinearly transformed (also referred to as Tustin trans- 
formation) with the equation (17*), whereby the equation (16) is obtained. In other words. Ano. Ani, An2. Bni. 
and Bn2 are as shown in the equations (1 7a) to (1 7e). 

Similarly, the following equation (18) representing the characteristics of the vibration suppressing filter S„ 
(low pass filter) at the second stage can be obtained, if the angular frequency (o^^ at a zero point in the equation 

40 (12) representing a transfer function of the secondary elliptical function filter is prewarped into ©je'. where coje = 
(1/Ts) tan (G)2eTs/2), and the equation (12) having replaced with ©j.' is bilinearly transformed. 

Sn = A^T„ + A^iTn. 1 + Ae2Tn. 2+ B,tS„ . , + Be2S„. 2 (18) 

^^^(ti^ (19a) 
^ k2 + 2Ck + 1 ^ ^ 

45 . = 2<iAt^-^) 

k2 4. 2^k + 1 ^ ^ 



50 



55 



A^2 = A,o (19c) 
- 2(k2 - 1) 
" k2 + 2i;k + 1 



{19d) 



B = - 2Ck ^ 1 .^9 . 
k2 ^ 2^k + 1 

where,t = tan(I^),k = ^ 

In other words, A«o. A,,, A^j. B^i, and Be2 are as shown in the equations {19a) to (19e). 

The operational processing as mentioned above is carried out in Step (h), and the calculation result in ac- 
cordance with the equation (18) is output to the DA converter (DAC) 21 in Step (i). The analog signal obtained 
through the DA converter 21 is amplified by the amplifier 30. and applied to the actuator 36 to thereby suppress 
the mechanical resonance characteristics including the head arm 35. 
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In the case where the vibration suppressing filters (low pass filters) are turned off. the vibration sup- 
pressing filters at the first and second stages do not execute the filter calculation as shown !„. , = Tn.2 = 
Un and Sn. , = S^2 = Un in Step (0- In this way. the vibration suppressing filters (low pass filter) are turned off 
and the output Un in Step (d) is applied to the AD converter 21. The converted analog signal is amplified by 

5 the amplifier 30 to drive the actuator 36. In this case, the initial value is continuously given lest a transient 
response should be produced when the vibration suppressing filters (low pass filter) are turned on. 

Fig. 16 is a graph showing an open loop transfer characteristics. In this graph, solid line curves (a), (c) 
represent gain-frequency characteristic and phase-frequency characteristic in the embodiment according to 
the present invention, respectively, whereas dotted line curves (b), (d) represent gain-frequency characteristics 

10 and phase-frequency chai'acteristic of the prior art. respectively, it can be seen from this graph that the mech- 
anical resonance characteristic can be sufficiently suppressed by the low pass filter which is a combination 
of the notch filter and the elliptic function filter according to an embodiment of the present invention when com- 
pared to prior art 

Although the vibration suppressing filters (low pass filters) are realized by the digital calculating function 
15 in the foregoing embodiment, it may be realized by an analog circuit including an operational amplifier and the 
like. Further, the invention is applicable not only to a magnetic disk drive, but also to a magnet-optical disk 
drive, an optical disk drive, a printer, or the like device which includes a controlled device that has various mech- 
anical resonance modes and that is required to be controlled and positioned with high accuracy, such as at 
least one head. 

20 As described above, according to embodiments of the present invention, the resonance characteristic of 

a controlled device are suppressed by a low pass filter which is a combination of a notch filter and an elliptical 
function filter. Unlike the prior art, the control system according to an embodiment may not Include a number 
of notch filters, and thus is allowed to have an economical construction. In the case- of a digital processing, 
the response characteristic can be improved since an operational processing time is shortened. Further, in 

25 the case where the low pass filter is realized by an analog circuit, the control system can be advantageously 
made small in size. The control system is further advantageous in that the mechanical resonance character- 
istics can be sufficiently suppressed by the elliptic function filter even if there are variations and aging in the 
mechanical resonance characteristics. 

In the case where the control system is constructed such that the low pass filter is turned on and off. op- 

30 eration of the low pass filter is stopped when a drive current varies at a large amplitude such as during a seek 
operation. This allows the operational processing to be omitted in the case of the digital processing, thereby 
improving the response characteristics. As in the case where the operation proceeds from the seek operation 
to a following operation, the low pass filter is turned on to suppress the resonance characteristics. Accordingly, 
the controlled device can be positioned with high accuracy, and an initial value is given when the low pass 

35 filter is turned off. Thus, the control system is advantageous in being able to execute a stable control when 
the state of the low pass filter is changed from off to on. 

Whilst the present invention has been exemplified above with reference to magnetic disk drive systems, 
it will be appreciated that its applications are not limited thereto. For example, embodiments of the present 
invention may find applications in optical disk drive systems and in printer systems. 

40 

Claims 

1. A positioning control system comprising: 

a controlled device (1) which has resonance characteristics and is positioned at a designated pos- 
ition; 

position detecting means (2) for detecting a moved position of the controlled device (1); 

arithmetic control means (3) for generating a drive signal based on a position detection signal from 
the position detecting means (2) and based on said designated position; and 
50 drive means (4) for moving the controlled device (1) in accordance with said drive signal from said 

arithmetic control means (3), wherein said arithmetic control means (3) includes a low pass filter (7) which 
has an abrupt slope and a discontinuous pole in the gain-frequency characteristics thereof, so that said 
resonance characteristics of said controlled device (1) can be suppressed by means of said low pass filter 
(7). 

55 

2. A positioning control system according to claim 1 , wherein said low pass filter (7) is constituted by a com- 
bination of a notch filter (5) providing said abrupt slope and an elliptical function filter (6) providing said 
pole, so that all the resonance frequencies occurring in said resonance characteristics can be suppressed. 
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3. A positioning control systenn according to claim 2, wherein the lowest resonance frequency can be sup- 
pressed by utilizing a notch center frequency of said notch filter (5). and the second lowest or the higher 
resonance frequency can be suppressed by utilizing said pole of said elliptical function filter (6). 

4. A positioning control system according to claim 1 , 2 or 3 wherein the low pass filter (7) comprises a digital 
signal processor. 

5. A positioning control system according to any one of the preceding claims, wherein said low pass filter 
(7) is arranged to be turned on and off and. when turned on. to adopt an initial value to suppress the res- 
onance characteristics. 

6. A positioning control system according to any one of the preceding claims, wherein said controlled device 
(1) includes at least one magnetic head (34), which is movable on at least one magnetic disk (32). and a 
part of an actuator (36) for positioning said magnetic head (34). 

7. A positioning control system according to any one of claims 1 to 5. wherein said controlled device (1) in- 
cludes at least one optical head and includes a part of an actuator for positioning said optical head at a 
designated position on said optical disk. 

8. A positioning control system according to any one of claims 1 to 5. wherein said controlled device (1) in- 
cludes at least one print head which is movable on a printing sheet and includes a part of an actuator for 
positioning said print head at a designated position. 

9. A magnetic disk drive system comprising at least one magnetic disk (32) arranged to be rotated by a spin- 
dle motor (33) and a position control system according to any one of claims 1 to 5, wherein the device to 
be controlled comprises at least one magnetic head (34) for positioning relative to the magnetic disk (32) 
by means of an actuator (36). 

10. A positioning control system according to claim 6, 7 or 8 or a magnetic disk drive system according to claim 
9, wherein said arithmetic control means includes a digital signal processor (23) for calculating the dis- 
tance between the current position and the designated position of said head (34). and for controlling said 
actuator (36) so that said head (34) follows the calculated distance. 

11. A positioning control system according to claim 6. 7. 8 or 10 or a magnetic disk drive according to claim 
9 or 10 wherein said drive means includes an amplifier (30) for amplifying said drive signal and a part of 
said actuator (36) for moving said head (34) in accordance with the amplified drive signal. 
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Fig. 10 
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Fig. 13 
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Fig. 15 



( .START J 



INITIALIZE SERVO 
VARIABLES 



READ SIGNAL x„ 
FROM ADC 



(a) 




(d) 



Un 



= F (Xn. Xn-t. —Xn-!s Un-U Un-2. — Un-j ) 



(e) 



VIBRATION 
SUPPRESSING FILTER 
ON ? 



NO 



(f) 



Tn-l = Tn-2 
Sn-1 = Sn-2 


= Un 
= Un 




SEND Lh TO 


DAC 



(g) 



YES 



(h) 

/ 



Tn 


= AnO Un 


4- Ant Un-1 




+ An2 Un 


-2 + Bnl Tn-1 




+ Bn2 Tn 


-2 


Sn 


— AeO Tn 


+ A«i Tn-1 




+ A,2 Tn 


-2 + B«t Sn-t 




+ Be2 Sn 


-2 



T 



SEND Sn TO DAC 



26 



EP 0 554 125 A2 




27 



